Abstract: This study was aimed to define a methodology based on existing literature and evaluate the levelized cost of hydrogen (LCOH) for a decentralized hydrogen refueling station (HRS) in Halle, Belgium. The results are based on a comprehensive data collection, along with real cost information. The main results indicated that a LCOH of 10.3 €/kg at the HRS can be reached over a lifetime of 20 years, if an average electricity cost of 0.04 €/kWh could be achieved and if the operating hours are maximized. Furthermore, if the initial capital costs can be reduced by 80%, in the case of direct subsidy, the LCOH could even fall to 6.7 €/kg.
Introduction
Global warming has become an unequivocal problem where the main cause is considered to be anthropogenic greenhouse gas (GHG) emissions [1] . Means to mitigate GHG emissions such as the implementation of renewable energy (RE) sources, stopping deforestation and increasing power generation efficiencies have been presented [2] . New and efficient RE technologies such as wind and solar power are being implemented in large quantities on a global scale. To demonstrate the rapid growth of the global RE capacity, wind power rose from 17,333 MW to 369,608 MW from 2000 to 2014 and solar energy capacity increased from 805 MW to 175,305 MW during the same period [3] .
These new energy sources entail problems linked to their power output as it is highly intermittent and cannot meet steady energy demand [4] . One solution to this problem is to use hydrogen as an energy carrier where hydrogen can be produced on site by water electrolysis, and compressed, stored and re-electrified via fuel cells during low production days or used for mobility purposes [5] .
Compared to conventional fuels hydrogen is a strong competitor. For example, hydrogen has more energy content per unit mass but at the same time occupies more space at atmospheric temperature which makes a high pressure or liquefied storage vital [4, [6] [7] [8] [9] [10] [11] [12] . Hydrogen can be produced from variable sources and by different processes such as coal gasification, partial oxidation of hydrocarbons, steam reforming of natural gas and water electrolysis [13] [14] [15] . Water electrolysis is the only method that does not entail GHG emissions, making it the perfect method to link to the rapidly increasing RE capacity. Despite the advantages of hydrogen, large scale implementation has been slow to be developed, due to high capital and running costs [16] .
The term "hydrogen economy" has a relatively broad meaning [17] and can be traced to the early 1970's where the term was first used publicly in the work of Bockris [18, 19] , who referred to the hydrogen economy as the concept of using hydrogen as the energy medium between future energy generation sites and consumers where the hydrogen could be used as a fuel or to produce electricity. Since then the term has widely been used in relation to the part hydrogen plays in the car industry and as an energy carrier linked to renewable energy sources aimed to balance intermittent energy production [5, 20] . Therefore, the term has been referred to as many "economies" instead of one "economy" [17] .
Although hydrogen has been considered a viable option as an energy carrier for stationary applications, the main application of hydrogen has been linked to the car industry where hydrogen could replace conventional fossil fuels, thus reducing GHG emissions [7, 9, 21] . During the first decade of this century hydrogen "hype" linked to the car industry peaked [22] . However, despite the cooling down of hydrogen hype, car manufacturers have reached a point where hydrogen driven vehicles are ready for deployment.
Hydrogen production via water electrolysis is expensive due to the high investment and running costs which make an economic assessment of such systems important. Life cycle cost (LCC) analysis has been the method to study the cost due to its capability of capturing all upstream costs associated with the overall lifetime of the selected system [12] . Hydrogen systems are often considered as a replacement or addition to conventional energy sources at remote locations where diesel generators are used extensively with relevant emissions and diesel cost. Therefore, as a means to compare different systems at different locations the levelized cost of hydrogen (LCOH) method has been implemented in order to evaluate the LCC in terms of cost per energy unit (kWh) or in terms of hydrogen mass (kg) [12, [23] [24] [25] .
The literature reveals many studies that assess the economic feasibility of energy systems that include hydrogen as an energy carrier, especially for remote locations [26] [27] [28] [29] . The key similarity among the results of those studies is that further reduction in hydrogen component cost is needed to achieve economic competitiveness. Thus, new pilot projects and research on their results are needed for the hydrogen systems to become economically competitive. Furthermore, although there is an abundance of feasibility studies for hydrogen energy systems there is a certain lack of economic assessments of real demonstration and pilot projects despite the fact that a number of hydrogen systems have been installed [30] .
The aim of this study was to evaluate the well-to-tank (WTT) LCOH of a hydrogen refueling station (HRS) located in Halle, Belgium, compare the cost-level to previous benchmarks, and identify the most critical cost factors. In addition, a sensitivity analysis for different uncertain components is provided to evaluate further under which conditions certain target cost levels could be met. The LCC model provides a holistic approach based on the existing literature. The main findings are that capital costs should be pushed down in the future to reach more competitive cost levels, which in the current assessment are only reached under the most favorable future running cost development.
The case study project was co-funded by the European Commission. The 7th Framework Programme for the Fuel Cell and Hydrogen Joint Undertaking (FCH JU) initiative and has been given the acronym Don Quichote (DQ). The DQ project was initiated in 2012 and is a 5-year project consisting of three phases. The first phase, analyzed in this paper, was the evaluation of an existing hydrogen refueling station based on an alkaline water electrolyzer (WE), diaphragm compressor (450 bar) and steel hydrogen storage (50 kg). Phase 2 is aimed to implement a state-of-the-art proton exchange membrane (PEM) WE and a fuel cell (FC) for the re-electrification of the hydrogen and a (40 kg) composite storage tank. The aim of the DQ project is obviously to benchmark the new PEM WE system against the mature alkaline WE technology. Phase 3 includes the addition of a state-of-the-art electrochemical compressor that will be benchmarked against the existing diaphragm compressor. The focus of this study is only on phase 1 of the project and can act as a benchmark for phase 2.
The structure of this paper is split, as follows: the research methods are explained in Section 2 and a detailed description of the research process is given in Section 3. The results are presented in Section 4, including the main LCC results along with a sensitivity analysis. Implications and further discussion are provided in Section 5 and finally the main results are concluded in Section 6. 
Methodology

Life Cycle Costing (LCC)
LCC is an important method to evaluate the total cost of a product or a system over its given lifetime [31, 32] . By applying LCC into the early life cycle stage, changes are easier in terms of minimizing the LCC. There is no global approach that fits all situations and as the literature reveals the LCC discourse has been a long journey. Many methods have been proposed and are rather general in approach [31] [32] [33] . Although the methods are different, many of the main steps are similar to some of the first methods such as the steps in the method by Harvey [33] :
• Define the cost elements; • Define the cost structure; • Establish cost estimating relationships; • Establish the method of LCC formulation.
Although LCC has been accepted as a methodology it is still being criticized. The main disadvantages of the LCC method come from the fact that it includes a future estimation and can lead to uncertain results. Despite the flaws of the LCC method it still provides a somewhat holistic universal method to evaluate and compare different investment opportunities.
Levelized Cost of Hydrogen (LCOH)
Essentially the LCOH method is based on the levelized cost of energy (LCOE) method which is widely used in the renewable energy sector where the LCC of renewables is presented in terms of cost per energy output unit. The definition of the LCOE by IRENA [34] is depicted in Equation (1):
where I n is the initial investment cost for year n, M n is the maintenance cost in year n, F n is the fuel cost in year n, E n is the energy generation in year n, i is the discount rate and N is the lifetime. The LCOE method is a valuable tool when comparing different case studies and is not limited to renewable energy sources but has been used widely to assess the cost of hydrogen. Hydrogen output is usually measured in terms of energy and therefore, similarly to electrical calculations, the cost can be presented in terms of cost per unit energy or mass of hydrogen [12, 35] .
LCC Assessment
The LCC framework was derived from the existing literature, both state of the art and mature papers [12, 24, 25, 29, 35, 36] . Equation (2) depicts how the investment cost was calculated:
where C inv is the investment cost, C we is the WE cost, C c is the compressor cost, C s is the storage unit cost, C d is the dispenser cost and C misc is miscellaneous costs or all other costs that were connected to the station such as the Conformité Européene (CE) certification and the preparation costs. The investment costs were annualized by the capital recovery factor (CRF) depicted in Equation (3):
where i is the nominal discount rate and n is the economic lifetime of the station. The annualized, a, investment costs are therefore: The operational and maintenance (O&M) costs were divided between fixed and variable expenses. The annual fixed O&M is denoted by:
where C mc is the maintenance cost for the compressor, C cont is the service contract cost and C rep,a is the annualized replacement cost. Annual replacement costs were calculated by applying the single amount present value formula and the CRF to the replacement costs. Equation (6) depicts how the annual replacement costs were calculated, where t is the year of replacement, i is the nominal discount rate and C rep is the current value of the component to be replaced:
Similarly, the variable O&M is presented by:
where C e is the annual electricity cost and C w is the annual water cost. The annualized LCC can therefore be expressed by Equation (8):
After the annualized LCC have been calculated the LCOH can be assessed by dividing the annualized LCC noted as C LCC,a by the amount of produced hydrogen (kg H 2 ) noted as E H 2 ,a , on an annual basis:
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Research Design
Scope of the Study
The focus was set for the customer's perspective and includes the WTT boundary. The life cycle phases considered were the acquisition and operational phases. A graphical representation of the boundary is depicted in Figure 1 . The acquisition phase included the main component, installation, and license costs while the operational phase included the O&M costs which were divided between fixed and variable costs.
As Figure 1 indicates, the system is connected to the internal electricity grid at Colruyt, which provides electricity to the warehouse for example, and comprises electricity from wind turbines, solar PV and the Belgium grid when needed. The proportion from each source to the station remains unknown to the authors; hence the assumptions of electricity price described in Section 3.3.1. The acquisition phase included the main component, installation, and license costs while the operational phase included the O&M costs which were divided between fixed and variable costs. As Figure 1 indicates, the system is connected to the internal electricity grid at Colruyt, which provides electricity to the warehouse for example, and comprises electricity from wind turbines, solar PV and the Belgium grid when needed. The proportion from each source to the station remains unknown to the authors; hence the assumptions of electricity price described in Section 3.3.1.
Case Description
The system under investigation is a hydrogen refueling station located in Halle, Belgium, on the site of Colruyt, one of the largest retail companies in Belgium (see Figure 2 ). The logistic center comprises a warehouse which is operated 24 h a day, 7 days a week with numerous material handling vehicles on site. The warehouse is powered by three approximately 1.5 MW wind turbines, an approximately 1 MW solar PV system and the Belgium grid. The station is connected to the warehouse and therefore hydrogen can be produced from any of these sources. In addition, the renewables can inject electricity into the Belgium grid when needed. The material handling vehicles were completely electrical until 2011, when an alkaline-based hydrogen refueling station, i.e., phase 1, was implemented based on regional funding. 
The system under investigation is a hydrogen refueling station located in Halle, Belgium, on the site of Colruyt, one of the largest retail companies in Belgium (see Figure 2 ). The logistic center comprises a warehouse which is operated 24 hours a day, 7 days a week with numerous material handling vehicles on site. The warehouse is powered by three approximately 1.5 MW wind turbines, an approximately 1 MW solar PV system and the Belgium grid. The station is connected to the warehouse and therefore hydrogen can be produced from any of these sources. In addition, the renewables can inject electricity into the Belgium grid when needed. The material handling vehicles were completely electrical until 2011, when an alkaline-based hydrogen refueling station, i.e., phase 1, was implemented based on regional funding. As indicated, the project was split into three phases. However, the focus of this paper is on phase 1, as the data collection for phase 2 was not complete at the time of writing. Phase 1 consists of an alkaline WE (30 N m 3 /h), a diaphragm compressor (450 bar), a 50 kg (450 bar) hydrogen storage and a (350 bar) dispenser. Phase 2 was commissioned in July 2015 and by then the initial station (phase 1) had provided around 2,200 kg of hydrogen through approximately 2500 refuelings, maintaining over 95% (~8322 h) annual availability. Eleven hydrogen forklifts had already been implemented at that time and the goal of Colruyt is to implement at least 75 forklifts before the end of the DQ project in 2017. The forklifts are also being subsidized by Interreg Europe.
Data Collection
Cost Data
The first part of the dataset consists of the capital expenses. High investment costs have previous been found as one of the key obstacles to reach feasible LCOH levels [26] [27] [28] [29] . For the present case study, the investment costs were acquired from project partners and included in the component cost, the integration cost of the system performed by the provider of the hydrogen components, CE compliance of the complete station, relevant permits, and civil work on site. The lifetime of individual components differs and is often dependent on operational hours and quality of maintenance. Therefore, the assumption was made that each component has a lifetime of 20 years and salvage value was neglected. The initial capital expenses are depicted in Table 1 and do not include value added tax (VAT). As indicated, the project was split into three phases. However, the focus of this paper is on phase 1, as the data collection for phase 2 was not complete at the time of writing. Phase 1 consists of an alkaline WE (30 N m 3 /h), a diaphragm compressor (450 bar), a 50 kg (450 bar) hydrogen storage and a (350 bar) dispenser. Phase 2 was commissioned in July 2015 and by then the initial station (phase 1) had provided around 2,200 kg of hydrogen through approximately 2500 refuelings, maintaining over 95% (~8322 h) annual availability. Eleven hydrogen forklifts had already been implemented at that time and the goal of Colruyt is to implement at least 75 forklifts before the end of the DQ project in 2017. The forklifts are also being subsidized by Interreg Europe.
Data Collection
Cost Data
The first part of the dataset consists of the capital expenses. High investment costs have previous been found as one of the key obstacles to reach feasible LCOH levels [26] [27] [28] [29] . For the present case study, the investment costs were acquired from project partners and included in the component cost, the integration cost of the system performed by the provider of the hydrogen components, CE compliance of the complete station, relevant permits, and civil work on site. The lifetime of individual components differs and is often dependent on operational hours and quality of maintenance. Therefore, the Energies 2017, 10, 763 6 of 15 assumption was made that each component has a lifetime of 20 years and salvage value was neglected. The initial capital expenses are depicted in Table 1 and do not include value added tax (VAT). The alkaline WE occupies the largest share or 37%, the compressor and the dispenser both take up 19% each, and the storage unit takes up 14%. The remaining factors only account for 10% of the total ( Figure 3 ). The alkaline WE occupies the largest share or 37%, the compressor and the dispenser both take up 19% each, and the storage unit takes up 14%. The remaining factors only account for 10% of the total ( Figure 3 ). The annual costs associated with the operational phase were divided between fixed and variable costs. The fixed costs comprised a service contract cost, maintenance and replacement cost for the alkaline WE, and maintenance cost for the diaphragm compressor (see Table 2 for fixed O&M values). The variable expenses included the electricity and water costs. The electricity cost is usually the largest cost factor of the LCOH, though uncertain how it will extend into the future, which makes it an extremely important parameter. Detailed information regarding hourly availability of the renewables and the cost of each kWh at Colruyt during the data collection period remained unknown to the authors. This uncertainty was overcome by setting the initial price for electricity to the average Belgium grid price for mid-size companies according to Eurostat [37] during the period 2005 to 2016, and further analyzing the impact of the energy price on the LCOH in the sensitivity analysis.
The water cost represents the actual water cost before entering the system and gives a realistic view of the cost. Table 3 depicts the values of the electricity and water costs used in this study. The sensitivity analysis covered situations such as the valorization of wind or solar power on the power market in case of injection of electricity in the public grid. The annual costs associated with the operational phase were divided between fixed and variable costs. The fixed costs comprised a service contract cost, maintenance and replacement cost for the alkaline WE, and maintenance cost for the diaphragm compressor (see Table 2 for fixed O&M values). The variable expenses included the electricity and water costs. The electricity cost is usually the largest cost factor of the LCOH, though uncertain how it will extend into the future, which makes it an extremely important parameter. Detailed information regarding hourly availability of the renewables and the cost of each kWh at Colruyt during the data collection period remained unknown to the authors. This uncertainty was overcome by setting the initial price for electricity to the average
Belgium grid price for mid-size companies according to Eurostat [37] during the period 2005 to 2016, and further analyzing the impact of the energy price on the LCOH in the sensitivity analysis.
The water cost represents the actual water cost before entering the system and gives a realistic view of the cost. Table 3 depicts the values of the electricity and water costs used in this study. The sensitivity analysis covered situations such as the valorization of wind or solar power on the power market in case of injection of electricity in the public grid. One of the main replacement cost factors is the cell stack replacement. The WE is comprised of 2 cell stacks (15 Nm 3 /h) each. The rated lifetime of the cell stacks is approximately (60,000 h) corresponding to approximately 7 years, if operated continuously. However, the assumption was made that the cell stacks would be replaced every 5 years to simplify the initial model. The cost of replacing the cell stacks, parts, plus labor cost, were estimated at 60,600 €/change. The cell stack replacement cost is included in the sensitivity analysis in Section 4.2.
Following the European Central Bank inflation target [38] and Ammermann et al. [39] , the values for the inflation and the discount rate were selected as 2% and 6% respectively in the initial model, and later allowed to vary in the sensitivity analysis.
Field Data
The second part of the dataset was field data. At the beginning of the DQ project a comprehensive data collection plan was set up and carried out by project partners on a weekly basis. It should be noted that due to some scientific measurement campaigns the system did not always operate in the most effective way.
The data represents the gross consumption of the HRS station which might affect the results in a way but still provides information that are realistic and possibly higher than in studies that only account for the minimum consumption. The main operational data used in this study were the electricity and water consumption of the complete station ranging from the year 2014 to 2015. Missing data from 2014 was replaced with data from 2015 resulting in a whole year of monthly values.
The electrical measurements comprise of the WE consumption, the control units and the compressor, storage, and dispenser unit. Figure 4 shows the monthly values of the total electricity consumption in a bar graph. One of the main replacement cost factors is the cell stack replacement. The WE is comprised of 2 cell stacks (15 Nm 3 /h) each. The rated lifetime of the cell stacks is approximately (60,000 h) corresponding to approximately 7 years, if operated continuously. However, the assumption was made that the cell stacks would be replaced every 5 years to simplify the initial model. The cost of replacing the cell stacks, parts, plus labor cost, were estimated at 60,600 €/change. The cell stack replacement cost is included in the sensitivity analysis in Section 4.2.
The electrical measurements comprise of the WE consumption, the control units and the compressor, storage, and dispenser unit. Figure 4 shows the monthly values of the total electricity consumption in a bar graph. Similarly, the water consumption, in terms of (m 3 ) was collected and represents the gross consumption before the water filtration system and does not represent the real consumption of the WE. The total monthly values for the base year 2014 are depicted in Figure 5 . Similarly, the water consumption, in terms of (m 3 ) was collected and represents the gross consumption before the water filtration system and does not represent the real consumption of the WE. The total monthly values for the base year 2014 are depicted in Figure 5 . The output of the station was based on produced hydrogen, in terms of the functional unit kg. Due to a lack of a flow meter the hydrogen output was calculated by team members based on the electrical consumption of the alkaline WE. The results represented the theoretical maximum production of the AWE. The total monthly values from 2014 are depicted in Figure 6 . The field data described above was assembled and are summarized in Table 4 . Table 4 indicates, the station was running on low capacity in the year 2014. The reason could be that the number of forklifts was low and not been implemented into the daily routine at the warehouse.
The values in Table 4 were used to assess the LCOH. The assumption was made that the station would be run 80% of the time, which is considered a realistic scenario for a decentralized HRS and The output of the station was based on produced hydrogen, in terms of the functional unit kg. Due to a lack of a flow meter the hydrogen output was calculated by team members based on the electrical consumption of the alkaline WE. The results represented the theoretical maximum production of the AWE. The total monthly values from 2014 are depicted in Figure 6 . The output of the station was based on produced hydrogen, in terms of the functional unit kg. Due to a lack of a flow meter the hydrogen output was calculated by team members based on the electrical consumption of the alkaline WE. The results represented the theoretical maximum production of the AWE. The total monthly values from 2014 are depicted in Figure 6 . The field data described above was assembled and are summarized in Table 4 . As Table 4 indicates, the station was running on low capacity in the year 2014. The reason could be that the number of forklifts was low and not been implemented into the daily routine at the warehouse.
The values in Table 4 were used to assess the LCOH. The assumption was made that the station would be run 80% of the time, which is considered a realistic scenario for a decentralized HRS and The field data described above was assembled and are summarized in Table 4 . As Table 4 indicates, the station was running on low capacity in the year 2014. The reason could be that the number of forklifts was low and not been implemented into the daily routine at the warehouse.
The values in Table 4 were used to assess the LCOH. The assumption was made that the station would be run 80% of the time, which is considered a realistic scenario for a decentralized HRS and results in approximately 18,896 kg H 2 per year. Estimations for different actual production capacity levels are reported in the sensitivity analysis to demonstrate the effects capacity level has on the LCOH. Table 5 summarizes the costs for the main design variables at the selected utilization factor. 
Results
Main LCC Results
The main LCC results are summarized in Table 6 where different lifetimes of 10, 15 and 20 years have been assumed. The variable lifetime was selected to demonstrate the effect time has on the LCOH in case of a short-lived demonstration project or a long-term investment. The results show that the LCOH is highest for the 10 years lifetime with a value of 16.6 €/kg and decreases with time becoming 13.9 €/kg H 2 for 20 years of lifetime. As seen in Table 6 the LCOH is lowest for the 20 years' lifetime. A system like this would realistically be a long-term investment and therefore the results from the 20 years lifetime were selected for further analysis. The share of the main components in terms of annualized costs for 20 years of lifetime (€/kg) is presented in Figure 7 . The electricity cost has the largest share of 6.4 €/kg, the investment costs second largest with a value of 4.5 €/kg, the fixed O&M for the WE and compressor with a value of 2.3 €/kg, cell stack replacement cost with a value of 0.6 €/kg and water cost with a near negligible value of 0.1 €/kg. It is evident that the electricity cost is the main cost factor, having an approximately 40% larger share of the LCOH than the investment expenses, the second largest cost factor. 
Sensitivity Analysis
Based on the results the main cost factors were identified and the effects of changes analyzed in terms of the LCOH. The main factors considered were the electricity cost, electrical consumption, investment expenses and discount rate. A sensitivity star is presented in Figure 8 where those factors were subject to a change of ±60% from their base values, which was estimated as the maximum plausible change over the assessment period, as explained further below. 
Based on the results the main cost factors were identified and the effects of changes analyzed in terms of the LCOH. The main factors considered were the electricity cost, electrical consumption, investment expenses and discount rate. A sensitivity star is presented in Figure 8 where those factors were subject to a change of ±60% from their base values, which was estimated as the maximum plausible change over the assessment period, as explained further below. As seen in Figure 8 changes the price of electricity and electrical consumption have the same impact on the LCOH due to their linear relationship. They have the largest effect but the investment expenses have the second highest impact, approximately half of that of the electricity price. Although Figure 8 provides a relatively good idea regarding the effects each cost factor could have on the LCOH it fails to show numerical values of the LCOH when subject to somewhat realistic changes. To demonstrate in more detail how the LCOH changes with respect to individual cost factors, Figure 9 is presented based on the following arguments:
• As seen in Table 3 the base electricity cost in this study was set to 0.09 €/kWh, which was the average electricity cost for medium size industries in Belgium for the period 2005 to 2016 [34] . This assumption is somewhat unrealistic considering that Colruyt gets most of the electricity from onsite renewable energy sources and is benefiting from a green certificate scheme, which means a portion of the LCOE from the renewables is subsidized. The actual value was not available for the authors but the assumption was made that it could get as low as 0.04 €/kWh in case of injection into the public grid. The maximum value of 0.15 €/kWh was considered to cover As seen in Figure 8 changes the price of electricity and electrical consumption have the same impact on the LCOH due to their linear relationship. They have the largest effect but the investment expenses have the second highest impact, approximately half of that of the electricity price. Although Figure 8 provides a relatively good idea regarding the effects each cost factor could have on the LCOH it fails to show numerical values of the LCOH when subject to somewhat realistic changes. To demonstrate in more detail how the LCOH changes with respect to individual cost factors, Figure 9 is presented based on the following arguments:
• As seen in Table 3 the base electricity cost in this study was set to 0.09 €/kWh, which was the average electricity cost for medium size industries in Belgium for the period 2005 to 2016 [34] . This assumption is somewhat unrealistic considering that Colruyt gets most of the electricity from onsite renewable energy sources and is benefiting from a green certificate scheme, which means a portion of the LCOE from the renewables is subsidized. The actual value was not available for the authors but the assumption was made that it could get as low as 0.04 €/kWh in case of injection into the public grid. The maximum value of 0.15 €/kWh was considered to cover any fluctuations in the price of electricity.
•
As seen in Figure 8 the effects of the discount rate are not severe; however, an interval from 3% to 9% was selected based on assumptions.
• Although the initial capital expenses are a fixed cost at the beginning of the project it is important to see how it affects the LCOH in the case of decreased costs in the future due to mass production. To cover any uncertainties an increase in investment expenses of 20% and a decrease of −80%, were selected.
The water cost was neglected in the sensitivity analysis as it only occupies a small share of the total costs and has been considered negligible in other studies [40] .
The most important part of the fixed O&M costs is the cell stack replacement cost and was selected for further analysis. As the hydrogen implementation is still in its early stages the future costs of the cell stacks are likely to decrease with mass production. Based on pure assumptions the changes in replacement costs were selected as ±50%. As Figure 9 indicates the LCOH could be reduced to approximately 10.3 €/kg with an electricity price of 0.04 €/kWh. In the case of a reduction of −80% of the total investment costs the LCOH could be reduced to approximately 10.3 €/kg, together with the estimated minimum price of electricity down to 6.7 €/kg over the longest assessed operational phase. The sensitivity of the LCOH on the cell stack replacement cost shows a decrease to approximately 13.6 €/kg.
In the results above, a fixed and relatively modest number of operating hours, 80% of the time or 7008 h annually is assumed. As an important parameter, a specific sensitivity analysis was carried out to see how the operating hours affect the LCOH. The results are depicted in Figure 10 where the operating hours vary from 50% (4380 h)-95% (8322 h) over the 20-year lifetime. As Figure 9 indicates the LCOH could be reduced to approximately 10.3 €/kg with an electricity price of 0.04 €/kWh. In the case of a reduction of −80% of the total investment costs the LCOH could be reduced to approximately 10.3 €/kg, together with the estimated minimum price of electricity down to 6.7 €/kg over the longest assessed operational phase. The sensitivity of the LCOH on the cell stack replacement cost shows a decrease to approximately 13.6 €/kg.
In the results above, a fixed and relatively modest number of operating hours, 80% of the time or 7008 h annually is assumed. As an important parameter, a specific sensitivity analysis was carried out to see how the operating hours affect the LCOH. The results are depicted in Figure 10 where the operating hours vary from 50% (4380 h)-95% (8322 h) over the 20-year lifetime.
down to 6.7 €/kg over the longest assessed operational phase. The sensitivity of the LCOH on the cell stack replacement cost shows a decrease to approximately 13.6 €/kg.
In the results above, a fixed and relatively modest number of operating hours, 80% of the time or 7008 h annually is assumed. As an important parameter, a specific sensitivity analysis was carried out to see how the operating hours affect the LCOH. The results are depicted in Figure 10 where the operating hours vary from 50% (4380 h)-95% (8322 h) over the 20-year lifetime. As Figure 10 indicates the LCOH could reach approximately 18 €/kg if the operating hours are 4380 h (50%) and as low as approximately 12 €/kg at 8322 h (95%), making the operating hours as important factors as the electricity and investment costs.
Discussion
The main goal of this study was to evaluate the LCOH for a decentralized HRS in Belgium. The cost model was derived from mature and state of the art literature and the calculations were based on a comprehensive field data collection to ascertain as realistic costs as possible. The results can also be used as benchmarks for the next phase of the DQ project, where a new state of the art PEM WE and FC have been added to the current HRS. As Figure 10 indicates the LCOH could reach approximately 18 €/kg if the operating hours are 4380 h (50%) and as low as approximately 12 €/kg at 8322 h (95%), making the operating hours as important factors as the electricity and investment costs.
The main goal of this study was to evaluate the LCOH for a decentralized HRS in Belgium. The cost model was derived from mature and state of the art literature and the calculations were based on a comprehensive field data collection to ascertain as realistic costs as possible. The results can also be used as benchmarks for the next phase of the DQ project, where a new state of the art PEM WE and FC have been added to the current HRS.
The main limitations of the study are related to assumptions of the price of electricity and the utilization of the HRS. The assumption of the price of electricity was based on an average value, both for the high and low values, which is a simplification of a highly dynamic relationship. These assumptions might lead to estimation errors as well, especially if actual operating hours tend to be during peak hours when the cost of electricity is high or at other times resulting in lower electricity costs. A further analysis of this relationship is an area of further study.
No consumer tax or other fees were applied to the LCOH, which would reflect real consumer costs similar to some of the results in the study by Linnemann & Steinberger-Wilckens [36] . There was no salvage value assumed nor any end of life costs due to uncertainty of the status of the components after the lifetimes analyzed.
Based on the assumptions in this study the main results indicated that a LCOH of 13.9 €/kg could be reached for a 20 year lifetime with 80% utilization. Furthermore, in favorable conditions, with a reduction in investment expenses of −80% and electricity cost of 0.04 €/kWh a LCOH as low as 6.7 €/kg could be reached. Of these, a reduction in investment expenses requires subsidizing or a technological leap, but the electricity part is already a plausible scenario with the RE systems operated on the case site, and with an electricity cost of only 0.04 €/kWh the LCOH would drop down close to 6.7 €/kg.
When comparing the results with the existing literature on similar production systems [25, 36] , variations in the results are found placing the current study in between the extremes. The key factor explaining the differences seems to be the high impact on different assumptions, underlining the earlier stated need for more studies of actual operating facilities.
In comparison to the study by Linnemann and Steinberger-Wilckens [36] , where a small and a large scale hydrogen plant were analyzed, costs of approximately 27.5 €/kg and 11.4 €/kg, respectively, were presented. It is relevant to compare the cost of the smaller scale system from the reference study to the 13.9 €/kg in the current study. There is a large difference between the two which could be attributed by different assumptions. The main differences are depicted in Table 7 but the main difference was the operating hours. It should be noted that although the dates of the studies differ, the technology is similar and the date of the cost information in the current study is from the year 2011 and therefore the validity of the comparison remains. In another study, Greiner et al. [25] provide a method of assessment for a wind-hydrogen system on a Norwegian island, presenting both a chronological simulation and cost calculations. In contrast to the current study and the reference study above there is a large gap between the results. Greiner et al. [25] presented a LCOH of 2.8 €/kg and 6.2 €/kg for grid-connected and stand-alone systems. Different assumptions (refer to Table 7 ) are the main reasons for the vast difference where the largest factors might be the scale of the system and potentially the electricity costs. The study by Greiner et al. [25] utilizes electricity from an onsite wind turbine and therefore the electricity cost is only connected to the wind turbine cost and production capacity. They also assume hydrogen demand of 450 kg/day. It is appropriate to compare the grid connected system to the current study whereas both systems have renewables that inject electricity into the local grid, bearing in mind that Greiner et al. [25] include the sold sale/purchase cost of market price electricity. In this way, in the case of the lowest electricity cost in the current study the LCOH could reach 10.3 €/kg with an electricity cost of 0.04 €/kWh. The assumption of the lower electricity cost is somewhat unrealistic where this value could only be reached when injecting electricity into the public grid, which then affects the results to some extent. The actual price would presumably fluctuate, but just how much is an area for further study. It should be noted that the investment expenses in the current study include more realistic costs than the comparison studies, and hence a potentially higher LCOH.
Based on the above it becomes evident that the main factor in keeping the LCOH as low as possible is maintaining operating hours at the maximum level as the LCOH could drop to approximately 12 €/kg at 95% utilization, as depicted in Figure 10 . The second largest cost factor, which is consistent with the literature [6, 16, 40] , is the electricity cost, as demonstrated in this study with the sensitivity analysis. Investment expenses together with replacement costs form the third important category.
The cost figures used in this study date back to the year 2011 and represent relatively high costs as DQ is a small-scale demonstration project. A larger scale commercial system could yield lower initial and running costs where WE costs tend to follow a non-linear cost curve [4, 11] . The sensitivity analysis in Section 4.2 depicts the underlying potential in reducing these costs.
Conclusions
The main results showed that a LCOH of 13.9 €/kg could be reached if the operational hours are maximized. However, as seen in the sensitivity analysis, by reducing the electricity cost down to 0.04 €/kWh, the investment expenses down by −80% of the total cost and maintaining 80% operating hours a LCOH of 6.7 €/kg could be reached.
The results indicated that the critical cost factors are the electricity and investment expenses as they have the largest impact on the LCOH. As hydrogen production is evidently capital intensive and requires cheap and environmentally friendly electricity, combining the large quantity of renewables installed every year and green policies is critical to achieve the cost levels required. However, a system such as the studied DQ could, together with selected RE technologies, provide an option for a comprehensive off the grid solution even before the aimed cost competitiveness is achieved. Demand for reliable low-carbon off the grid solutions with high self-sufficiency is growing fast, and the cost requirement for competitiveness is less demanding.
Although the model and the results in this study were solely based on phase 1 of the DQ project, this study takes a small but yet important step towards the hydrogen economy by demonstrating the realistic cost of small scale hydrogen production and provides a benchmark for new hydrogen technologies.
